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Molecular Beam Epitaxy 
From Research to 
Mass-Production Part 1 
Mohamed Henini 
Most physics undergraduates will have encountered the potential well as their first problem in 
undergraduate quantum mechanics. New crystal growth technique such as molecular beam 
epitaxy has made it possible to produce quantum wells in practice. This sophisticated technology 
for the growth of high quality epitaxial layers of compound semiconductor materials on single 
crystal semiconductor substrates is becoming increasingly important for the development of the 
semiconductor electronics industry. In this article I will review the main achievements of 
MBE both in fundamental research and manufacturing. 
1. The MBE Process 
For those not familiar with the 
subject it may be helpful to explain 
that Molecular Beam Epitaxy (MBE) is 
essentially a refined form of vacuum 
evaporation as illustrated in Figure 1. 
Elements are heated in crucibles 
called Knudsen cells or furnaces and 
directed beams of atoms or mole- 
cules are condensed onto a heated 
single crystal substrate where they 
react chemically under ultra-high 
vacuum (UHV) conditions. If the 
substrate is of the same nature as 
the deposited layer, the term of 
homoepitaxy is often used. If the 
single crystal formed consists of thin 
films of different semiconductors one 
on top of the other, then the process 
is called heteroepitaxy. The deposi- 
tion rate and the temperature of the 
substrate must be carefully chosen 
and controlled. The substrate surface 
must be clean and as free from 
defects as possible. The molecular 
beam or flux emanating from the 
Knudsen cell is controlled by accu- 
rate control of the temperature and 
the flux arriving at the sample may be 
regulated by appropriate shutters in 
front of the Knudsen cell. Several 
furnaces may be incorporated in the 
growth chamber in order to dope 
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Figure 1: Schematic diagram of the MBE process for the growth of GaAs-(AI,Ga)As 
semiconductors or to grow com- 
pounds and alloys. For example,  
three of the furnaces may contain 
Ga, Al and As for the growth of GaAs/ 
Alx GavxAs layers, with a Si cell for n- 
type doping and a Be ceil for p-type 
doping. The special merits of this 
technique are that thin films can be 
grown with precise control over 
thickness, alloy composit ion, and 
doping level. Using rapidly acting 
mechanical shutters, the composi- 
tion can be changed abruptly permit- 
ting novel structures to be prepared. 
A minicomputer controls the ceUs 
and substrate temperatures and the 
shutter  operat ion such that any 
desired growth sequence may be 
programmed and achieved. 
While Figure 1 is sufficient for 
discussion of the MBE process, its 
actual implementation is consider- 
ably more complex than Figure 1 
might imply. A schematic diagram of 
a typical MBE growth chamber is 
shown in Figure 2. An MBE machine 
suitable for growth of III-V com- 
pound films is based on two or three 
chambers tainless teel UHV system. 
All these chambers have UHV type 
pumping systems (usually ion, cryo - 
and titanium sublimation pumps). 
They also incorporate large areas of 
liquid nitrogen cooled panels. Each of 
these interconnected chambers has a 
particular purpose, for example in- 
troduction and preparation of the 
samples, UHV analyses and growth. 
An UHV is essential in order to avoid 
contamination of the surface and the 
growing epitaxial film and the sub- 
sequent incorporation of these im- 
purities in the bulk. The MBE UHV is 
focused on minimizing the total 
system background pressure, elimi- 
nating gas species with high sticking 
coefficients and those gas species 
which are electrically active if incor- 
porated into the epitaxial film. The 
base tota l  p ressures  rout ine ly  
achieved in MBE systems are in the 
low 10 -1° to low 10 11 Torr range. 
Because it is a UHV-based techni- 
que, it has the advantage of being 
compatible with a wide range of 
surface chemical and physical tech- 
niques. These include a quadrupole 
mass spectrometer for gas analysis, an 
Auger electron spectrometer for sur- 
face analysis, and a reflection high 
energy electron diffraction (RHEED) 
system for assessment of surface 
structure and growth dynamics. 
RHEED is a powerful method of 
monitoring the monolayer growth. 
It provides a very sensitive, yet 
simple, diagnostic tool for observing 
changes in the structure of the sur- 
face layers as a function of growth 
parameters. It is possible to obtain 
information on surface structure and 
smoothness from RHEED patterns. A
particularly useful feature of the 
RHEED technique is that the inten- 
sities associated with the diffraction 
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Figure 3: Experimental set-up for obtaining RHEED intensity oscillations during MBE 
growth 
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Figure a: Progress in modulation-doped GaAs (2DEG). Lowest curve shows values of 
uniformly doped GaAs 
beams can be used to yield calibra- 
tion of the thickness of the material 
grown. This is illustrated in Figure 3 
where the intensity associated with 
the specular beam for (100) GaAs 
growth  is shown. Growth  com- 
mences when the shutter in front of 
the Ga cell is open and the intensity 
oscillates with time thereafter as 
shown. The period of the oscillations 
corresponds exactly to the mono- 
layer growth rate on (100) oriented 
substrate. A monolayer is defined as 
one complete layer of Ga plus one 
complete layer of As or a thickness 
equivalent to a/2 where a = 5.65533 
A is the lattice constant of GaAs. 
Typically the growth rate is one 
monolayer  per  second (approxi-  
mately 1 ~m per hour), and the 
thickness control  to within one 
monolayer is achievable. To obtain 
uniform growth rate (or composition 
in the case of alloy films) over a large 
substrate, the substrate is rotated at 
speeds up to 2 Hz. 
2. Impact Made by MBE 
in Research 
Using sophist icated MBE growth, 
lithographic and etching techniques 
it is possible to fabricate new forms 
of active device with "tailor made" 
characteristics. Some of the more 
significant and excit ing physical 
characteristics of the structures ob- 
served thus far are indicated in the 
following paragraphs. 
2(a)  The  Modu la t ion -doped 
Heteros t ruc ture  
The concept of selective doping in 
heterostructures, frequently called 
modulation doping, has been demon- 
strated in structures designed to 
separate mobile carriers from their 
parent impurities. An epilayer of 
AI,, Gal.x As grown on GaAs is an 
example of such a structure. In this 
example, electrons from donors in 
Alx Gal_,,As move to the GaAs leaving 
behind ionized donors. 
The separation of the negative 
electrons from the positive donors 
sets up an electric field which con- 
fines electrons within -100 A of the 
interface but leaves them free to 
move parallel to it. These confined 
electrons are known as a two-dimen- 
sional electron gas (2DEG) which has 
a number of interesting properties. 
One such property is an electron 
mobility which can be considerably 
greater than that of the bulk GaAs. 
This is because the electrons are 
spatially separated form their parent 
donors. Their mobility can even be 
further enhanced by growing an 
undoped Alx Gal.x As layer, a so- 
called spacer, in between doped 
Alx Gal.x As and the undoped GaAs. 
The enhancement  in e lec t ron  
transport propert ies  is especial ly 
marked when the structures are 
cooled to cryogenic temperature. 
Electron mobility exceeding 10 mil- 
lion cmZ/V.s at low temperatures 
(~0.35K) have been reported (see 
Figure 4). This is over 2000 times 
higher than in conventional GaAs. 
This fact makes an Alx Gal_x As - 
GaAs heterostructure very suitable 
for high speed electronic devices. 
The high electron mobility transistor 
(HEMT), also known as a modulation- 
doped field-effect transistor (MOD- 
FET), is an example of an application 
of this heterostructure. The HEMT 
which operates at high frequencies i
becoming the transistor of choice for 
mil l imetre wave and high speed 
applications. For example, the HEMT 
is used in radio astronomy and many 
millions of these devices are pro- 
duced annually for the low noise 
front-end of satellite TV receivers. 
Reception of the radio signals, from 
the Voyager Space Craft when it 
reached the other planets was made 
possible by the use of cryogenically 
cooled HEMT low noise amplifiers in 
